ABSTRACT The interaction of an amphiphilic, 40-amino acid b-amyloid (Ab) peptide with liposomal membranes as a function of sterol mole fraction (X sterol ) was studied based on the fluorescence anisotropy of a site-specific membrane sterol probe, dehydroergosterol (DHE), and fluorescence resonance energy transfer (FRET) from the native Tyr-10 residue of Ab to DHE. Without Ab, peaks or kinks in the DHE anisotropy versus X sterol plot were detected at X sterol z 0.25, 0.33, and 0.53. Monomeric Ab preserved these peaks/kinks, but oligomeric Ab suppressed them and created a new DHE anisotropy peak at X sterol z 0.38. The above critical X sterol values coincide favorably with the superlattice compositions predicted by the cholesterol superlattice model, suggesting that membrane cholesterol tends to adopt a regular lateral arrangement, or domain formation, in the lipid bilayers. For FRET, a peak was also detected at X sterol z 0.38 for both monomeric and oligomeric Ab, implying increased penetration of Ab into the lipid bilayer at this sterol mole fraction. We conclude that the interaction of Ab with membranes is affected by the lateral organization of cholesterol, and hypothesize that the formation of an oligomeric Ab/cholesterol domain complex may be linked to the toxicity of Ab in neuronal membranes.
INTRODUCTION
The presence of extracellular amyloid plaques on neuronal membranes is a major histological hallmark of Alzheimer's disease (AD), a progressive, neurodegenerative disorder that severely impairs memory and cognitive capability (1, 2) . A major component of these plaques is an aggregated form of b-amyloid (Ab), a short amphiphilic peptide of 39-42 residues with a molecular mass of~4 kDa (2) . The monomeric Ab is released upon a sequential proteolytic cleavage of the 100 kDa transmembrane amyloid precursor protein by two proteases, i.e., bb and gamma secretases (2) . The normal, nonpathological concentration of Ab in the extracellular matrix is subnanomolar (2) .
In vitro studies on Ab in aqueous solution have revealed that monomeric Ab adopts a globular, largely random-coil structure (3) (4) (5) . However, at nonphysiological, micromolar concentrations monomeric Ab unfolds and self-aggregates to form protofibrils or oligomers, which are toxic to neurons (1) . The detailed structure of these Ab oligomers is still unknown, but it is believed to consist of a cross-b sheet stack of Ab monomers involving the hydrophobic C-terminal segment, which is similar to the Ab aggregate found in the core of the amyloid plagues in AD patients (6) . According to the amyloid cascade hypothesis (1,7), self-aggregation of Ab into these toxic oligomers represents an early, critical event in the pathogenesis of AD. The key factors that modulate the interaction of monomeric or oligomeric Ab with the neuronal membrane, a major site of the Ab deposit formation (7), remain unclear.
Recent studies have indicated that Ab can interact with lipid bilayers peripherally or insert into the hydrocarbon region, consequently adopting either a b-sheet or a-helix arrangement, respectively (3) (4) (5) . Such interactions may alter the physiochemical properties of the neuronal membranes by altering, e.g., the lipid dynamics, the lateral organization of lipids, and the functionality of membrane proteins. In the presence of divalent ions, the formation of Ab/ion complexes may also promote oxidation of membrane components via the production of H 2 O 2 (8) , or form ion channels (9) . Of interest, insertion of monomeric Ab may play a protective role by preventing the formation of toxic Ab oligomers in the aqueous phase (4, 5) . However, the interaction of monomeric Ab on the membrane surface may create a two-dimensional template or seed for promoting Ab oligomer formation on the membrane surface (3) . The detailed mechanisms underlying the interactions of monomeric or oligomeric Ab with a welldefined liposomal system that mimics the neuronal membrane remain to be elucidated.
Recent theoretical and experimental studies have revealed that lipid molecules are not randomly distributed but form lipid domains in model lipid bilayers (10) (11) (12) and probably in cell membranes as well (13) . Up to now, the regulatory role of such lipid domains, including cholesterol superlattice domains (10) (11) (12) , in the membrane associations of Ab had not been fully explored. Using multicomponent phospholipid/ cholesterol liposomal bilayers, we studied the effect of cholesterol content on the membrane interactions of Ab by measuring the fluorescence anisotropy of dehydroergosterol (DHE), a site-specific fluorescent sterol probe with structure similar to cholesterol, and fluorescence resonance energy transfer (FRET) from the native Tyr-10 of Ab to DHE versus the sterol content of the bilayer. In the absence or presence of monomeric Ab, several peaks or kinks in DHE fluorescence anisotropy and FRET were observed at sterol concentrations that fall close to the superlattice compositions predicted by the cholesterol superlattice model (10) (11) (12) . These data suggest that binding of monomeric Ab does not significantly perturb the natural lateral arrangement of cholesterol. In contrast a single, prominent DHE anisotropy peak at X sterol z 0.38 was observed in the presence of oligomeric Ab, indicating major changes in the lateral arrangement of lipids or the formation of an oligomeric Ab/cholesterol domain complex. We hypothesize that modulation of the membrane interaction of Ab by the lateral arrangement of cholesterol is a critical factor in the pathogenesis of AD.
MATERIALS AND METHODS
Lipid, protein, and other reagents 1-Palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and 1-palmitoyl-2-oleoylphosphatidylserine (POPS) were purchased from Avanti Polar Lipids (Alabaster, AL), cholesterol (CHOL) was obtained from Nu Chek Prep (Elysian, MN), and DHE and 1,4-bis[2-(5-phenyloxazolyl)]benzene (POPOP) were obtained from Sigma (St. Louis, MO). POPC and POPS have identical acyl chain compositions but different polar headgroups (the former is neutral and the latter is negative at neutral pH). Also, CHOL and DHE have an identical 3-b OH polar headgroup and a similar nonpolar body. The use of an identical acyl chain composition of phospholipids allowed us to focus on the effect of sterol content on the protein interaction with membranes.
Lipid purity (>99%) was confirmed by thin layer chromatography on washed, activated silica gel plates (Alltech Associates, Deerfield, IL) and developed with chloroform/methanol/water (65:25:4; v/v) for phospholipid analysis, or with petroleum ether/ethyl ether/chloroform (7:3:3) for cholesterol analysis. All solvents were of HPLC grade. The concentrations of all stock phospholipid solutions were determined by means of a phosphate assay (14) . A PIPES buffer (pH 7.0, 5 mM PIPES, 200 mM KCl, 1 mM NaN 3 ) was prepared in deionized water (~18 MU) and filtered through a 0.1 mm filter before use.
Synthetic Ab, 40 amino acids long (Ab 1À40 , primary sequence: H-Asp-AlaGlu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-Leu-Val-PhePhe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-ValGly-Gly-Val-Val-OH), was obtained from Anaspec (San Jose, CA) and stored as lyophilized powders in sealed vials at À30 C before use.
Preparation of monomeric or oligomeric Ab protein solution
Ab powders in sealed vials were first slowly warmed to room temperature (RT) inside a dried box and then completely dissolved in dried DMSO by vortexing for 10 min at RT. For experiments with monomeric Ab, this freshly prepared Ab-solution was added directly into the liposomes to reach a protein concentration of 10 or 20 mM and a lipid concentration of 200mM, followed by vortexing. For experiments with oligomeric Ab, a 115mM Ab in aqueous solution was first prepared by adding Ab (in DMSO) into PIPES buffer. The protein solution was sealed with argon and incubated at RT in the dark for 48 h to allow the peptide to form oligomers (15) . This oligomeric Ab-solution was then mixed with liposomes and the mixture was appropriately diluted to reach the identical protein and lipid concentrations indicated above. The DMSO concentration was 1.2 and 0.2 mol % in the monomeric and oligomeric Ab solutions, respectively. Because of the propensity of Ab to aggregate (15, 16) , and to maintain a consistent thermal history of protein preparation (16) , all Ab stock solutions were consumed within 3 h after preparation and an identical protein preparation protocol was strictly followed for all replicated preparations. The 42-amino acid Ab 1À42 is more neurotoxic and exhibits faster aggregation in solution (6) than the Ab 1À40 used in this study. However, previous spectroscopic studies (3) (4) (5) 17, 18) focused on Ab 1À40 because it aggregates more slowly in solution, allowing interactions of monomeric Ab with lipid membrane to be monitored and carefully characterized in a timely fashion. We believe that the molecular mechanisms underlying the interactions of Ab 1À42 with lipid membranes are probably similar to those of Ab 1À40 ; therefore, our results provide useful insights into the interaction of Ab peptide with neuronal membranes.
Preparation of multicomponent liposomes
Compositionally homogeneous and uniform POPC/POPS/CHOL/DHE liposomes were prepared by means of a rapid solvent exchange (RSE) method (19) . Details of the RSE liposome preparation procedure have been presented elsewhere (20, 21) . In contrast to other conventional liposomal preparation methods, such as dry film hydration, sonication, and extrusion (19, 22) , RSE is a convenient method with no binding, contamination, or sample recovery concerns. In addition, the accessible external surface in RSE samples is~33% of the total lipids, which is quite close to the 50% theoretical value for true unilamellar vesicles (19, 22) .
The mole fraction of the fluorescent sterol DHE was fixed at 0.01, and the sterol mole fraction (X sterol ), i.e., total sterol (DHE and cholesterol) divided by total lipid (sterol and POPS and POPC) in moles, was varied from 0 to 0.55. The structures of DHE and cholesterol are similar, so we expect DHE to minimally perturb the lipid matrix and mix well with cholesterol in the lipid membranes. As a result, the effect of small cholesterol composition increment on the protein interaction with lipid bilayers can be examined. POPS has been shown to promote the binding and subsequent interactions of Ab to the lipid bilayer (17, 18) . It also prevents aggregation of RSE liposomes during their preparation, Since we focused only on the cholesterol effect, the POPS mole fraction was therefore fixed at 0.11, and a finer cholesterol increment of 0.02 was used to cover the physiologically relevant cholesterol mole fractions (0.30-0.55) found in cell membranes (12, 23) . These multicomponent RSE liposomes were purged in argon and allowed to incubate at RT for 15-20 days in the dark to ensure equilibration of lipid components in the liposomes before fluorescence measurements were obtained. The lipid/protein molar ratio in all our samples was 10 or 20. A similar ratio was also used in previous fluorescence studies that employed the diphenylhexatriene (DPH) probe (15, 16) in multicomponent liposomes containing a fixed content of cholesterol.
Fluorescence measurements
Steady-state fluorescence anisotropy (r) measurements of DHE-containing liposomes inside a 150mL quartz curvette (Starna Cells, Atascadero, CA) in the absence and presence of Ab were performed on a QuantaMaster C61/2000 spectrofluorimeter (PTI, Lawrenceville, NJ) using a T-mode single-photon-counting configuration. The fluorescence excitation was at 325 nm and emission was at 375 nm. Here, r is defined by
where I jj and I t are the fluorescence intensities from the parallel and perpendicular polarized emissions upon a parallel polarized excitation, respectively, and g is a factor associated with the relative sensitivity of the two emission channels and can be determined when the excitation is set to perpendicular. The same PTI spectrofluorimeter was used to collect the fluorescence spectra of DHE and Ab.
To ensure consistency in the thermal history of liposome and protein, as well as their interactions, fluorescence measurements were acquired exactly 1 h after protein was added to the liposomes at RT. At least 11 min were Biophysical Journal 96(10) 4299-4307 required to collect both the steady-state anisotropy and spectra from each protein/liposome sample. Since the protein stock solutions have to be used within 3 h (see above), 16 different sterol compositions were covered in each set of fluorescence measurement. The static light scattering of our samples was similar and independent of sterol contents.
Fluorescence intensity decay measurements of DHE were performed on a GREG 200 fluorimeter (ISS, Champaign, IL) equipped with digital multifrequency cross-correlation phase and modulation acquisition electronics (24, 25) . A 4240NB cw UV He-Cd laser (Liconix, Santa Clara, CA) emitting at 325 nm was used for fluorescence excitation. An excitation polarizer with its transmission axis set at 35 and no emission polarizer on the emission channel were used to eliminate the rotational diffusion effect of the sample to the measurements (26) . Phase delay and demodulation values of the DHE fluorescence were compared with those of a standard (POPOP in ethanol) that has a fluorescence decay lifetime (t) of 1.34 ns (24), with modulation frequency varied from 5 to 200 MHz. DHE exhibited multiexponential decay in liposomes (25) , with an average t of~0-3 ns depending on the lipid composition. Due to the low fluorescence signal and bleaching of DHE, fewer than 10 frequency-domain data points were acquired within 12 min for each sample. The limited number of data points did not allow us to perform an accurate multiexponential analysis of the DHE decay in this study. Therefore, a single-exponential decay was employed to analyze the frequency-domain data. The rotational correlation time (r) of DHE in the liposomes was obtained from the measured values of t and r of DHE using the Perrin equation (25, 27) r ¼ t ð0:37=r À 1Þ :
The value of r is inversely proportional to the average rate of rotation of DHE. Note that the rotational dynamics of DHE is best described by a hindered rotation model (28) involving at least one rotational rate and an angular freedom (order) parameter obtained from the anisotropy decay measurement of DHE. Again, due to the signal and bleaching issues, we were not able to collect the anisotropy decay of DHE, and our calculated r is a combination of both rotational and order parameters. The critical FRET distance R o between the donor (Try-10 of Ab) and acceptor (DHE) at which the transfer efficiency is 50% was estimated from the following equation (29, 30) :
where k, F D , and n are the dipole orientation factor, quantum yield of the donor, and refractive index of the medium, respectively. Also, I(l) and 3(l) represent the emission spectrum of the donor and the molar absorption spectrum of the acceptor as a function of wavelength l. Assuming an isotropic distribution (29) of dipoles of the acceptor and donor (k 2 ¼ 2/3), the value of R o was estimated to be~20 Å for our donor-acceptor pair in this study.
Statistical significance of the peaks, dips, and kinks of spectroscopic data
The statistical significance of the peaks, dips, and kinks of spectroscopic data (DHE anisotropy or FRET versus X sterol plots) was analyzed using an undirectional t-test of unequal variances as described previously (31) . Here, peaks or dips were defined as the composition points at which the spectroscopic values were significantly higher or lower than the baseline spectroscopic values at both the adjacent lower (left-handed) and higher (right-handed) compositions. Kinks were defined as the composition points at which the spectroscopic values reach a plateau, and were significantly higher than the values at adjacent lower compositions. Briefly, the statistical mean, defined as the averaged spectroscopic measurement of anisotropy or FRET from N independently prepared parallel samples, at the critical sterol composition (X*) was compared with that at the adjacent baseline sterol composition on the left-handed side (X L ) or the right-handed side (X R ) based on the t-test. The probability, or p-value, of accepting the null hypothesis of the two means being identical, was then calculated (32) . The probability P of rejecting the null hypothesis, or probability of significance of the difference of the two means, is defined as (1 À p) Â 100%. In our case, the P-value of the biphasic behavior at X* as compared with that at X L or X R is given by P L or P R , respectively. Peaks or dips with both P L and P R < 70% were ignored. Although the 70% cutoff is arbitrary, the P-values provide an objective and standard gauge to evaluate and cross-compare biphasic behavior of our spectroscopic data versus lipid composition plot (31) .
RESULTS

Fluorescence anisotropy of DHE
The DHE anisotropy in POPS/POPC/CHOL/DHE liposomes was measured as a function of X sterol . At zero cholesterol content, DHE anisotropy, averaged over several independently prepared samples, was 0.310 AE 0.002 (mean AE SE; N ¼ 24). To allow comparison of different sample sets, normalized DHE anisotropy, calculated by subtracting the DHE anisotropy at X sterol ¼ 0.01 (internal control) from the DHE anisotropy at each sterol content, was used. Fig. 1 shows the averaged normalized DHE anisotropy as a function of X sterol . With increasing cholesterol content, several kinks or peaks (''critical'' sterol mole fractions, X*) were observed, including a sharp peak at X* ¼ 0.25, an asymmetric peak at 0.33, and a kink at 0.53. The statistical significance of these deviations was evaluated (see Materials and Methods) and the results are summarized in Table 1 The effect of monomeric Ab on DHE anisotropy was examined (Fig. 2) . Monomeric Ab systematically reduced the DHE anisotropy at all sterol contents, with the effect being stronger for 20 mM than for 10 mM Ab. Also, the anisotropy reduction was much stronger at low sterol than at high sterol contents at each Ab concentration. Notably, the deviations in DHE anisotropy versus X sterol observed in the absence of Ab (Fig. 1) were largely preserved in the presence of monomeric Ab. The probability of significance [P L , P R ] for each X* was also determined (Table 1) . Except for the P R of 69% at X* ¼ 0.25 for 20 mM Ab, P > 70% for all X* values at both Ab concentrations.
The effect of oligomeric Ab on DHE anisotropy was also examined (Fig. 3) . Oligomeric Ab increased the DHE anisotropy at all sterol contents, with the effect being much stronger for 20 mM than for 10 mM Ab. Note that a similar increase in DPH anisotropy in multicomponent liposomes containing cholesterol in the presence of oligomeric Ab and of similar lipid/protein ratio was also reported in a previous study (15) . At 10 mM Ab, only the peak at X* ¼ 0.25 was still evident, as judged by the probability of significance of [P L , P R ] ¼ [94, 86] as shown in Table 1 . However, at 20 mM Ab, the deviations at X* ¼ 0.25, 0.33, and 0.53 were suppressed, but a statistically significant peak at X* ¼ 0.38 with [P L , P R ] ¼ [95, 91] was detected.
Since the DHE anisotropy varied with X sterol even in the absence of Ab, the anisotropy difference (obtained by subtracting the anisotropy in the absence of Ab from that in the presence of Ab) was calculated to directly assess the effect of Ab. Fig. 4 shows the averaged anisotropy difference as a function of X sterol for monomeric and oligomeric Ab. A gradual increase in the anisotropy difference with increasing X sterol was observed for monomeric Ab, with the slope being greater for 20 mM than for 10 mM. On the other hand, a flat response, or a nearly zero slope, in the anisotropy difference versus X sterol was found for 10 mM oligomeric Ab. However, with 20 mM, a significant peak was again detected at X* ¼ 0.38 with [P L , P R ] ¼ [93, 93].
Time-resolved fluorescence of DHE
The time-resolved fluorescence intensity decay of DHE in POPS/POPC/CHOL/DHE liposomes was studied for selected sterol compositions at X sterol ¼ 0.01, 0.30, 0.36, 0.40, and 0.45, and the results are summarized in Table 2 . In the absence of cholesterol, the average DHE fluorescence decay lifetime (t) was 1.2 ns, but it decreased slightly to 1.1 and 1.0 ns in the presence of monomeric and oligomeric Ab, respectively. In the presence of cholesterol, t was somewhat higher but nearly independent of X sterol . However, addition of monomeric Ab increased t to 1.5 ns, whereas in the presence of oligomeric Ab t decreased to 0.8-1.1 ns.
The rotational correlation time (r) of DHE was calculated from the steady-state anisotropy and fluorescence lifetime data using Eq. 2, and the results are summarized in Table  2 . In the absence of cholesterol, the value of r was 7.3 ns in neat liposomes (no protein), but it decreased to 5.0 and 6.9 ns in the presence of monomeric and oligomeric Ab, respectively. In the presence of cholesterol, the value of r in neat liposomes was~11 ns and independent of X sterol . In the presence of monomeric Ab, r decreased to 8-9 ns at X sterol ¼ 0.30, 0.36, and 0.40, whereas the presence of oligomeric Ab increased r to 12-15 ns at those same concentrations. Of interest, at X sterol ¼ 0.45, no change in r was detected in the presence of either monomeric or oligomeric Ab.
FRET from Tyr-10 of Ab to DHE
We next examined the effect of X sterol on FRET from the native Tyr-10 residue of Ab to the DHE in POPS/POPC/ CHOL/DHE liposomes. As shown in Fig. 5 , monomeric The probability of significance [P L , P R ] of the peak or kink (denoted by superscripts p and k, respectively), and the number of independent DHE anisotropy measurements (N) in the absence or presence of monomeric (superscript m) or oligomeric (superscript o) Ab based on a t-test comparing the anisotropy at X* with the adjacent values at X L or X R (see Materials and Methods) are given. The statistical significance of the peak of the DHE anisotropy difference (superscript x) at X* ¼ 0.38 is also given.
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Ab in solution showed a typical tyrosine emission peaking at 300 nm, and the excitation spectrum of DHE overlapped the tyrosine emission spectrum. These results indicate that FRET from Tyr-10 of Ab to DHE could take place when Ab binds to the POPS/POPC/CHOL/DHE liposomes, provided that the tyrosine-to-DHE distance is in the range of 2 nm, the critical FRET distance for this donor-to-acceptor pair (Eq. 2). Indeed, in the presence of DHE-containing liposomes, the emission spectrum of the protein/liposome mixture exhibited a shoulder at 330-450 nm coinciding with the emission spectrum of DHE in the absence of Ab, as shown in Fig. 5 .
The efficiency of FRET from Tyr-10 of Ab to DHE was estimated from the ratio of the acceptor emission intensity at 376 nm to the donor emission intensity at 300 nm upon excitation of the sample at 275 nm. To eliminate the contribution of the direct excitation of DHE, intensities at 376 and 300 nm for the neat liposomes were subtracted from those of the liposomes in the presence of Ab. In the absence of cholesterol, the values of FRET for the monomeric and oligomeric Ab were 0.092 AE 0.024 (mean AE SE; N ¼ 8) and 0.049 AE 0.005 (mean AE SE; N ¼ 12), respectively. Table 3 ). On the other hand, a dip at X* ¼ 0.28 with [P L , P R ] ¼ [96, 96] and a broad peak centered at X* z 0.40 with [P L , P R ] ¼ [96, 92] were found in the presence of 20 mM oligomeric Ab (see Table 3 ).
DISCUSSION
The role of the lateral organization of cholesterol in modulating the membrane association of protein is a subject of great interest (13) . Notably, the activities of several membrane surface-acting proteins, such as cholesterol oxidase (10, 34) and phospholipase (35) , exhibited abrupt changes at certain ''critical'' X CHOL values of the target bilayers. These critical X CHOL values coincide favorably with those predicted by the cholesterol superlattice model (11, 12, 34) , which suggests that cholesterol tends to adopt energetically favorable, b-Amyloid Cholesterol Interactionregular, superlattice-like lateral distributions or domains in bilayers. Thus, cholesterol superlattice domain formation may be actively involved in modulating the membrane activities of those proteins. We set out to investigate whether this might also apply to Ab.
Sterol critical compositions and Ab-membrane interactions
In the absence of Ab, our DHE anisotropy versus X sterol plot revealed statistically significant deviations at X* z 0.25, 0.33, and 0.53 (Fig. 1) . These critical sterol compositions agree favorably with the superlattice compositions predicted by the cholesterol superlattice model (11, 12, 34) , suggesting that the sterols adopt a regular lateral distribution at those particular compositions in our multicomponent liposomes. Note that previous fluorescence measurements on sitespecific diphenylhexatriene chain-labeled PC (DPH-PC) (31), free DPH (36), and surface-sensitive 6-lauroyl-2-(dimethylamino)naphthalene (Laurdan) probes (36) , as well as probe-free FTIR measurements on the O¼P¼O and C¼O vibrational bands of native phospholipids in less complicated POPC/CHOL liposomes (31), also revealed similar critical changes at X CHOL z 0.33 and 0.50. We therefore conclude that the presence of POPS in the liposomes does not preclude the formation of sterol superlattices, as expected at those superlattice compositions.
The superlattice composition at 0.40 was not observed in our DHE anisotropy measurements on neat POPS/POPC/ CHOL liposomes, yet it was observed in the Laurdan (36), DPH-PC (31), and FTIR (31) measurements on POPC/ CHOL liposomes. This may be explained by the lack of significant changes in the fluorescence lifetime and/or rotational dynamics of DHE at that superlattice composition in the presence of POPS. Also, a longer liposome incubation time (i.e., >20 days) may be required to reveal this sterol critical composition of 0.40, as demonstrated by a recent study on the kinetics of formation of the cholesterol superlattice (36) . Further work is required to identify the effect of POPS on the stability of superlattice formation.
We also examined whether Ab supports or suppresses the lateral distribution of sterol at X* ¼ 0.25, 0.33, and 0.53. Significant DHE anisotropy deviations at those X* values were preserved upon addition of monomeric Ab (Fig. 2) . This finding suggests that the lateral distribution of cholesterol in POPC/POPS/CHOL/DHE liposomes is not markedly affected by the binding of monomeric Ab. However, oligomeric Ab suppressed the above X* values and created a new DHE anisotropy peak at X* z 0.38 (Fig. 3) . Notably, the deviation at 0.38 is close to the superlattice composition at X CHOL ¼ 0.40 (11, 12, 34) . Domain boundaries and/or abrupt changes in membrane physical properties are predicted to occur at values close to the predicted superlattice mole fractions (11, 12, 34) . Thus, binding of oligomeric Ab to the bilayers may perturb the existing putative superlattice organization of cholesterol and lead to the formation of an oligomeric Ab/cholesterol domain complex at the predictable superlattice composition (z0.40 in our case).
Microenvironment and dynamics of DHE
Since the fluorescence anisotropy of DHE depends on both the fluorescence decay lifetime and the rotational dynamics of the probe in the bilayer as depicted in Eq. 2, time-resolved measurements were performed to identify the fluorescence decay lifetime and rotational contributions to the DHE anisotropy. The fluorescence decay lifetime of DHE reports the fluorescence quenching microenvironment of the sterol at the fused ring region of the sterol where the DHE emission dipole is located. The rotational correlation time r of DHE is sensitive to the packing of lipids in the hydrocarbon region of the bilayer.
In the presence of cholesterol, a modest increase and a decrease in the fluorescence decay lifetime of DHE were observed in the presence of monomeric and oligomeric Ab, respectively. These results suggest that the interactions of different forms of Ab perturbed the microenvironments of DHE differently in the membranes. Specifically, relatively lower and higher fluorescence quenching environments of DHE were created in the presence of a monomeric and oligomeric Ab, respectively. The latter may be associated with an The probability of significance of the peak and dip (denoted by superscripts p and d, respectively) is given. See the legend of Table 1 for other details.
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Monomeric Ab increased the rotational rate of DHE for X sterol up to 0.40. However, this increase vanished at a higher sterol content (i.e., X sterol ¼ 0.45). This change in the rotational dynamics behavior explains the observation that a large DHE anisotropy difference prevailed at low sterol contents but vanished at high sterol contents (Fig. 4) . We propose that this increase in the sterol rotation rate could be due to the insertion of monomeric Ab into the hydrocarbon region of the lipid bilayer, which disrupted the packing of sterols near the lipid/peptide interface at low sterol content. At higher sterol content (X sterol > 0.45), no significant insertion of monomeric Ab occurred, probably because of the tighter packing of the lipids, and therefore resulted in no change in the rotational rate of sterol. In this respect, the monomeric Ab might prefer the inserted state at low cholesterol contents, but the surface interaction state at high cholesterol contents.
Oligomeric Ab decreased, rather than increased, the rotational rate of DHE at low sterol contents. Similar to the case of monomeric Ab, the perturbation of the rotational rate of DHE vanished at a higher sterol content of 0.45. These findings indicate that the oligomeric Ab increased the packing of the sterol, probably by interacting with the headgroups of the phospholipids or even the sterols. We observed the highest decrease in the rotational rate of DHE (i.e., a significant 35% increase in the value of r) at X sterol ¼ 0.40 (Table 2 ). This abrupt decrease in the DHE rotation rate further agrees with the single peak in the DHE anisotropy difference plot (Fig. 4) . Our rotational dynamics results therefore indicate that an ''ordered'' oligomeric Ab/cholesterol domain complex formed near the critical sterol composition of 0.40, and that the rotation of the sterols within that complex was highly hindered due to the presence of the oligomeric Ab. In addition, the decrease in the DHE fluorescence lifetime further signifies an increase in the water permeability (28) accompanied by the formation of the putative ordered oligomeric Ab/cholesterol domain complex.
Implications of Ab interaction with cholesterol domains at the molecular level
The FRET from the native Tyr-10 of Ab to DHE in the multicomponent liposomes provides noninvasive information about the distance between the hydrophilic N-terminal of Ab with the sterols located in the hydrophobic region of the lipid bilayer. The significant FRET peak at X sterol z 0.38 for both monomeric and oligomeric Ab indicates a closer proximity of the hydrophilic region of Ab to the sterols, or deeper penetration of the peptide to the lipid membrane, at the critical composition than at the other noncritical compositions. We propose that the presence of the putative, centerrectangular cholesterol superlattice domains at X CHOL ¼ 0.40 enhance the interactions of the peptide to the lipid bilayer. Also, the average distance of the N-terminal segment of the peptide to the sterols is significantly longer for the oligomeric Ab than for the monomeric Ab, as evidenced by the higher FRET for the monomeric Ab than the oligomeric Ab (Fig. 6 ) at all sterol contents. The FRET dips at the critical X sterol z 0.28, 0.33, and 0.50 may be interpreted as relatively weaker associations of the Ab with the hydrocarbon region of the membranes, or a lack of significant insertion of the protein, at those critical sterol contents. Of interest, those sterol contents also coincide favorably with the superlattice compositions predicted by the cholesterol superlattice model (11, 31) , as well as those from the DHE anisotropy measurements above. Therefore, the deviations in the proximity of Ab to sterol based on FRET at X sterol z 0.28, 0.33, 0.38, and 0.50 agree favorably with those from the DHE anisotropy measurements, further supporting the role of cholesterol lateral distribution, or the formation of cholesterol superlattice domains, in modulating the Ab interactions with sterols in the lipid bilayer.
It is not clear whether Ab might extract the lipids from the liposomes, as does phospholipase A2 (37) , and create new ''Ab-lipid'' particles that may be structurally and compositionally different from the protein-liposome complexes. Our preliminary scanning electron microscopy measurements revealed that the lipid vesicles remained intact in the presence Ab. Also, the static light scattering of our samples was independent of sterol contents. Yet, no conclusive evidence is available to preclude the existence of these putative Ab-lipid particles. However, the initial binding of Ab to the liposome surface preceding the formation of the putative Ab-lipid particles may also be regulated by the cholesterol superlattice domain, similar to the observed activities of other membraneactive peptides, cholesterol oxidase (10, 34) , and phospholipase (35) . More work is required to explore the presence of these interesting lipid-protein particles.
In conclusion, our results, obtained with the use of a sitespecific sterol, DHE, and FRET from the native Ab to DHE, suggest that monomeric Ab preserves the small but significant deviations of DHE anisotropy at certain critical sterol contents, and therefore supports the formation of cholesterol superlattice domains in multicomponent lipid bilayers. In addition, we hypothesize that the prominent deviation of oligomeric Ab interaction with DHE at X* z 0.38 is due to the formation of a putative ordered oligomeric Ab/cholesterol domain complex that may be associated with the critical Ab-membrane association event leading to the neurotoxicity of oligomeric Ab in vivo.
